Bartonella henselae, a worldwide fastidious bacterium, has a feline reservoir and is pathogenic for humans. However, the relationship between human and cat isolates of B. henselae, as well as its population dynamics and geographic heterogeneity, is not fully understood, in part because of the absence of appropriate typing methods. Multilocus sequence typing (MLST), the most discriminatory genotyping method for B. henselae, identified seven genotypes and suggested that human isolates arose from a limited number of cat isolates. Herein, we estimated the discriminatory power of multispacer typing (MST) by studying 126 B. henselae cat isolates from various areas of Europe, Asia, and the United States. We identified the nine most variable intergenic spacers conserved by both B. henselae and Bartonella quintana genomes. By comparing the sequences obtained from these nine spacers for each studied isolate, we identified 39 MST genotypes. The distribution of isolates into MST genotypes matched their phylogenetic organization into four clusters. MST showed that European and Asian isolates were different, in contrast with American isolates, but failed to identify pandemic strains. Our study demonstrated that MST is a powerful method for genotyping B. henselae at the strain level and may serve in studying the population dynamics of this bacterium and understanding the relationships between cat and human isolates. Finally, we provide a free-access MST-Rick online software program (http: //ifr48.timone.univ-mrs.fr/MST_BHenselae/mst) that investigators may use to compare their own MST sequences to our database.
Bartonella henselae is a gram-negative, fastidious bacterium associated with cats. Its transmission among cats is mediated by the cat flea, Ctenocephalides felis (7) . Infected cats may remain bacteremic for long periods, thus playing a major role as a reservoir for the bacterium (6, 24) . Human infection occurs through cat scratches or bites (22) and presents as cat scratch disease (2) , bacillary angiomatosis (23) , peliosis hepatis (32) , endocarditis (18) , or a variety of other, less frequent manifestations (14) .
Although criteria exist for classifying Bartonella isolates as new species (27) , there is a need for a method able to reliably identify B. henselae at the strain level. Such a method would allow investigation of the relationships between cat and human isolates, the question of whether epidemic strains occur in cats, and the geographic heterogeneity of B. henselae isolates. Various methods have been proposed for typing Bartonella isolates (10, 12, 19, 20, 26, 29, 34) . Of these, sequence-based methods have the advantages of being applicable to clinical or environmental specimens and producing reproducible and comparable results. On the basis of comparison of 16S rRNA gene sequences, B. henselae isolates were classified into two main genotypes, i.e., types I and II. This gene was considered a useful delineation among isolates because the two genotypes also exhibited different serotypes and possessed consistently distinguishable protein profiles (26) . Sequences from the ftsZ (12) , gltA (10), 35-kDa protein-encoding (26) , groEL and pap31 (34) genes, and from the 16S-23S intergenic spacer (20) , later permitted the identification of three, two, two, four, and six genotypes, respectively, that did not exactly match 16S rRNA gene types. To date, the most discriminatory typing method for B. henselae isolates is multilocus sequence typing (MLST) incorporating nine genes (21) . This method distinguished seven genotypes among 37 human and cat isolates and suggested that lateral gene transfer occurs among B. henselae isolates (21) . Although these investigators and others suggested that human infection is caused by a limited number of specific B. henselae genotypes (4, 10, 21) , the discriminatory power of the genotyping methods that they used and the small number of B. henselae isolates that they studied were insufficient to allow any statistically significant conclusions to be drawn. Therefore, a genotyping tool with greater discriminatory power for genotyping B. henselae at the strain level is needed to investigate the diversity and population structure of this bacterium.
Recently, we applied a new genotyping method to Bartonella quintana, i.e., multispacer typing (MST) (13) . This method allows genotyping of bacteria at the strain level. MST, initially developed for Yersinia pestis (11) , was also applied with success to strains of other human pathogens, including Rickettsia conorii (15) , Rickettsia prowazekii (35) and Coxiella burnetii (16) . MST was developed with the assumption that intergenic spacers are more variable than genes for genotyping bacteria at the strain level. In this study, to estimate the usefulness of MST for studying the population genetics of B. henselae, we applied it to a large collection of cat isolates.
MATERIALS AND METHODS
Study design. One hundred twenty-six B. henselae cat isolates of various geographic origins were incorporated in this study (Table 1 ). All 38 European isolates were grown in our laboratory. For the other 88 isolates, from the United States and Asia, we studied DNA extracted by two of the authors (B.B.C. and L.G.) from their isolates.
Bartonella henselae culture and DNA extraction. B. henselae isolates were cultivated on Columbia agar with 5% sheep blood (BioMerieux, Marcy l'Etoile, France) at 37°C in 5% CO 2 (Genbag CO 2 system; BioMerieux). Genomic DNA of B. henselae strains was extracted by using the Chelex procedure as previously described (9) or the QIAmp Tissue kit following the manufacturer's recommendations (QIAGEN, Hilden, Germany).
Selection of target sequences. We aligned the genomic sequences of B. henselae (GenBank accession number BX897699) and B. quintana (BX897700) by using the BLASTn (1) and GenomeComp (33) software programs to identify conserved pairs of consecutive genes. Then, intergenic sequences were aligned using the CLUSTAL W program (31) . We classified intergenic spacers conserved by both genomes, with sizes ranging from 150 to 600 bp, by degree of similarity and then selected the 20 most variable spacers (detailed in Table 2 ).
PCR amplification and sequencing. Primers were designed to amplify the 20 most variable spacers fulfilling the above criteria using the Primer 3.0 software (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). Primers for amplifying the 20 most variable spacers were selected within genes flanking the selected spacers and are listed in Table 2 . All primers were obtained from Eurogentec (Seraing, Belgium). Their specificity was predicted by comparison with GenBank using the BLASTn software (1). PCRs were carried out in a PTC-200 automated thermal cycler (MJ Research, Waltham, Mass.). One nanomolar concentration of each DNA preparation was amplified in a 25-l reaction mixture containing 50 pM of each primer; 200 M (each) dATP, dCTP, dGTP, and dTTP (Invitrogen, Gaithersburg, Md.); 1 U of eLONGase polymerase (Invitrogen); 1 l of eLONGase buffer A; and 4 l of eLONGase buffer B. The following conditions were used for amplification: an initial 3 min of denaturation at 94°C was followed by 40 cycles of denaturation for 30 s at 94°C, annealing for 30 s at 52°C, and extension for 1 min at 68°C. Amplification was completed by holding the reaction mixture for 10 min at 68°C to allow complete extension of the PCR products. PCR products were purified by using the MultiScreen PCR filter plate (Millipore, Saint-Quentin en Yvelines, France) as recommended by the manufacturer. PCR products were sequenced in both directions by using the d-Rhodamine Terminator Cycle Sequencing Ready Reaction kit with Amplitaq polymerase FS (Perkin-Elmer, Coignieres, France) as described by the manufacturer. Sequencing products were resolved using an ABI 3100 automated sequencer (PerkinElmer). Sterile water was used as a negative control in each PCR assay. Sequences from each genotype were checked twice in both directions to ensure the reliability of the MST method.
Sequence analysis and phylogenetic analysis. Nucleotide sequences were edited using the Autoassembler package (Perkin-Elmer). For each intergenic spacer, a genotype was defined as a sequence exhibiting unique mutations. MST genotypes were defined as unique combinations of spacer genotypes. Multiple alignment of sequences was carried out using the CLUSTAL W software (31) . Phylogenetic analysis of the studied isolates was obtained using the neighborjoining and maximum parsimony methods within the MEGA 3 software (25) . For this purpose, sequences of the selected spacers were concatenated. To facilitate sequence comparison with our MST sequences, we developed an online site named MST-Rick. This site contains a local BLAST to help scientists compare their sequences to our database.
Statistical tests. The genotypic variability of B. henselae isolates according to their geographic origin was estimated using Fisher's exact test. A difference was considered significant when P was Ͻ0.05.
Nucleotide sequence accession numbers. The different genotypes for the discriminatory spacers have been deposited in the GenBank database under accession numbers DQ383226 to DQ383270.
RESULTS
MST genotyping. One thousand four hundred thirteen intergenic spacers were found conserved by B. henselae and B. quintana genomes. Among them, 293 had a size ranging from 150 to 600 bp. We tested the 20 most variable (S1 to S20) of these 293 spacers among the 126 B. henselae cat isolates available. Nine of the spacers (S1 to S9) were found highly variable among these isolates ( Table 2 ). The tRNA-Ala/GCA-tRNAIle/AUC spacer (S1), flanked by two tRNA genes, was found to be the most variable spacer among the nine tested, with five variable nucleotide positions and a 15-bp sequence fragment presenting either as a single copy or repeated up to five times, depending on the isolate ( Fig. 1; Table 3 ). Sequences from the S1 spacer classified the 126 isolates into nine genotypes. The BH2865724-dut spacer (S2), with 14 variable nucleotide positions, was the second most variable spacer and allowed the 126 tested isolates to be classified into seven genotypes ( Table 3 ). The dnaJ-related protein-cobS spacer (S3) held eight variable nucleotide positions and classified the 126 isolates into six genotypes ( Table 3 ). The pssA-oxidoreductase (S4) and carBcold shock protein (S5) spacers had nine and five variable nucleotide positions, respectively, and classified the 126 isolates into five genotypes each ( Table 3 ). The alr-gcvP (S6) and ftsK-oxidoreductase spacers (S7) contained eight variable nucleotide positions each and classified the 126 isolates into four genotypes each (Table 3 ). The BH2864883-BH2864884 (S8) and acpP2-malate oxidoreductase (S9) spacers harbored eight and four variable nucleotide positions, respectively, and classified the 126 isolates into three genotypes each (Table 3 ). In total, 69 variable nucleotide positions were found within the nine intergenic spacers (Table 3) . Each variable nucleotide was checked three times to ensure the reliability of MST. Only two alleles at each variable position were found, with the exception of position 256 within the alr-gcvP spacer. At this position, 117 isolates had a thymine (types 2 and 3), compared to a cytosine in five European isolates (type 1) and a guanine in four American isolates (type 4) ( Table 3) . By combining the genotypes obtained from each variable spacer, the 126 tested isolates could be classified into 39 MST genotypes ( Table 1) . Each of the 39 genotypes was identified based on sequence specificities from either a single spacer or a combination of a maximum of seven spacers (Fig. 2) . Sequences from each genotype from the nine spacers were added to the MST-Rick database (http: //ifr48.timone.univ-mrs.fr/MST_BHenselae/mst).
Among Table  1 ). The 19 Asian isolates were distributed into 12 MST genotypes, compared to 6 (P Ͻ 0.01) and 24 (P ϭ 0.03) MST types for the 38 European and 69 American isolates, respectively (Fig. 3) . Among the 39 MST genotypes, 10 (types 6, 10, 20, 21, 23, 32, and 36 to 39), 21 (types 1, 3, 4, 7 to 9, 11, 14 to 19, 24 to 30, and 34), and 5 (types 4, 9, 12, 22, and 31) genotypes were specific to Asian, American, and European isolates, respectively.
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B. henselae (39 MST types among 126 B. henselae isolates; P Ͻ 0.01). Phylogenetic classification of MST types. Phylogenetic trees obtained from concatenated spacer sequences using the neighbor-joining (Fig. 3) and maximum parsimony methods showed similar phylogenetic classifications. The 126 tested isolates were grouped into four clusters. Asian isolates were grouped into cluster 1. European isolates were grouped into clusters 2 to 4. In contrast, American isolates did not form a coherent cluster but were spread among the four clusters.
DISCUSSION
In this study, we demonstrated that MST is a highly efficient method for genotyping B. henselae at the strain level, with 39 genotypes identified among 126 studied isolates using a combination of nine intergenic spacer sequences. Prior to our study, the most discriminatory genotyping method for B. henselae, i.e., MLST using nine genes, had identified seven genotypes among cat and human isolates of B. henselae (21) . Therefore, MST was more discriminatory than MLST for typing B. henselae.
We found B. henselae to be significantly more genotypically variable than B. quintana, a human pathogen previously identified to be mostly clonal (13) (P Ͻ 0.01). Such a higher genetic diversity of B. henselae is as yet unexplained, despite the studies conducted on the relationship between cat and human isolates. In Germany and The Netherlands, a majority of human isolates were of 16S rRNA gene type I whereas cat isolates mostly belonged to type II (3, 4, 10, 28, 30) . In contrast, in Switzerland, France, and the United States, investigators have demonstrated that most of the human isolates of B. henselae belonged to 16S rRNA gene type II (5, 8, 17) . Iredell et al., using MLST identifying seven genotypes, found that human infection is caused by a limited number of genotypes (21) . Therefore, the relationship between human and cat isolates of B. henselae remains a puzzling problem. We believe that MST may also be a suitable tool for investigating the dynamics of B. henselae populations in humans.
Among the 126 isolates analyzed in this study, we found a significantly higher genotypic heterogeneity among Asian isolates than among European (P Ͻ 0.01) and American (P ϭ 0.03) isolates. This may be explained by the fact that most European isolates originate from only two neighboring coun- To limit the number of spacers to be sequenced, we propose specific guidelines that facilitate their selection (Fig.  2) . In addition, to facilitate usage of MST for genotyping of B. henselae, we created an MST-dedicated, free-access online database, i.e., MST-Rick, to which any investigators may compare their own spacer sequences (http://ifr48.timone .univ-mrs.fr/MST_BHenselae/mst). Although our study is preliminary and includes a limited number of strains, we hope that our method and database will be used and implemented by other investigators, which would allow frequent updating of the data.
In conclusion, MST using nine variable intergenic spacers identified 39 genotypes among 126 B. henselae cat isolates. As 
